quantitative exposure measurements. This study found the industrial hygienists were more successful estimators of exposure than plant supervisors and workers, but validity was low for all groups. Hawkins and Evans, 8 in a study of subjective estimation of toluene exposures by 24 industrial hygienists, found that 70% were within a factor of two and 95% were within a factor of four of measured toluene time weighted average (TWA) exposures. Teschke et al. 9 studied chlorphenate exposure in sawmill workers and found senior workers and industrial hygienists estimated exposures similarly, but a large amount of unexplained variance still existed.
In several recent studies, [10] [11] [12] JEM have been validated against expert occupational hygiene assessments as the reference method or gold standard. Caution however was advised, 10 since it was recognized that the quality of the questionnaire and the skill of the experts could not be measured in absolute terms in the absence of any objective reference measure of exposure. One of these studies, involving exposure to organic solvents and evaluation of a JEM, assumed that the expert assessments of exposure were 100% correct. 12 However, the authors questioned the use of experts as a gold standard in the evaluation of JEM. Clearly, it is important to quantitatively assess the validity of an expert panel in assessing an exposure in a study, since an estimate can then be made of the likely degree of misclassification of the exposure assessment, degree of bias of the risk estimates and the implications for sample size calculations. The purpose of this study was to assess the feasibility, resource requirements, validity and repeatability of using an expert panel to assess retrospective exposures to workplace chemicals for a community-based study, using job histories collected by questionnaires.
MATERIALS AND METHODS

Study Design
This study was part of a community-based case-control study of glioma, 13 which involved the collection of job histories to assess occupational chemical exposures implicated as causes of brain tumours in previous epidemiological and experimental studies. [14] [15] [16] As an adjunct to the main study, a team of three experienced industrial hygienists and two occupational physicians was assembled to form the expert panel, to assess the validity, repeatability and feasibility of using such a panel in the main study. All five experts were experienced in the area of chemical exposure assessment, with an average of 20 years experience in occupational health in the state of Victoria. Over a period of 6 months the panellists were required to assess four batches of job descriptions, totalling 298 jobs. For each job, the following information was given: employer, industry, occupation, main tasks, equipment used and start/end dates. The 298 jobs consisted of: (i) 199 jobs randomly selected from questionnaires administered as part of the glioma case-control study; (ii) 49 'dummy' jobs compiled by an industrial hygienist (not one of the panel members). These dummy jobs were selected from about 350 occupational hygiene reports and surveys undertaken at a large variety of Victorian workplaces over a 12 year period (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) . Each dummy job was converted into the same format as the randomly selected jobs from the glioma case-control database, using fictitious start and end dates, and therefore being indistinguishable from the randomly selected jobs. These jobs were selected from workplaces where baseline quantitative personal air sampling data and a complete description of the workplace, were available; (iii) 50 jobs were resubmissions from the first two batches which were included in the last two batches. Since assessment of the 300 job descriptions was undertaken in four batches over a 6-month period, there was at least a 4-month interval between the first sighting and assessment and the second. Thirty of the resubmissions were randomly selected from the dummy jobs in (ii) above and 20 were randomly selected jobs from the real jobs in (i) above.
The panellists were 'blind' to the status of both the dummy and resubmission jobs and there was no communication between panellists during the study. Each panellist was required to indicate if there had been exposure to one or more of 21 listed chemicals for each job (Table 1 for complete list). If a panellist decided that there had been exposure, he or she was asked to nominate the level of exposure and the frequency of exposure. The trichotomy for exposure level was 'low', defined as below the threshold limit value (TLV) but above background, 'medium', defined as around TLV and 'high', defined as significantly above TLV. Frequency of exposure was trichotomized to low (Ͻ5% of time at work exposed), medium (5-30%) and high (Ͼ30%). 17 Finally, panellists were required to record the time taken to rate the jobs in each of the four batches.
Statistical Analysis
Statistical analysis was performed to determine the extent of agreement of exposure assessment between raters, the test/retest reliability of exposure assessment, and the validity of the assessments via comparison with a 'gold standard'. Four sets of analyses were performed, as follows:
1. Measurement of agreement between the exposure classification across the 199 jobs for each of the 10 pairs of panellists was performed using the standard kappa statistic (κ) of Fleiss 18 for each exposure separately. An overall summary measure of pairwise agreement between the raters for each exposure was calculated using a generalization of the standard kappa statistic, 19 which can be regarded as a weighted average of the 10 pairwise kappa statistics. Usually, values greater than 0.75 represent excellent agreement beyond chance, values between 0.40 and 0.75 represent fair to good agreement beyond chance and values below 0.40 represent poor agreement. 18 A value of zero or less than zero indicates that the agreement is no better than expected by chance alone. 2. Measurement of intra-rater test/retest reliability. This was performed as in (1) above using the 50 resubmissions for identification of exposure, but not for exposure level or frequency. The kappa statistic was employed by calculating the agreement between the first rating of a job and the second rating of the same job by the same panellist. 3. Measurement of validity, i.e. agreement between panellist ratings and real data for the dummy jobs, used as the 'gold standard'. This was undertaken for presence of chemical exposure, level of exposure and frequency of exposure. The prevalence of exposure, sensitivity and specificity for each rater were calculated. 20 This was repeated using all possible combinations of panellists. 4. A sensitivity analysis of the potential effect of panel misclassification on the odds ratio, given the calculated sensitivity and specificity for rater validity for individual raters and combinations of raters. Since the true prevalence of exposure was unknown, prevalences of 1% and 5% were used in this analysis. 1, 21 Table 1 demonstrates the inter-rater reliability for the for the presence of exposure for the 199 jobs randomly selected from the glioma case-control study. It shows the mean and range of kappas for agreement across the 10 pairwise combinations of raters for the 21 different chemical exposures. Where prevalence was low, kappas tended to be low. In addition, kappas tended to be lower where there was a large difference in reported prevalence of exposure between two raters. Table 2 demonstrates the results for intra-rater reliability and identifies the occupational physicians and occupational hygienists. Table 3 shows the results of the measurements of validity, i.e. agreement between panellist ratings and environmental data for the 49 dummy jobs. The prevalence, sensitivity and specificity for the 49 dummies are tabulated for each rater. The specificities were generally high and tended to be higher with lower prevalence. There was considerable variation in sensitivity which tended to be higher with increasing prevalence. Tables  4 and 5 demonstrate the exposure misclassification matrices for the rating of exposure level and frequency, respectively. These Tables have been constructed from the 49 dummy jobs for the five raters. The results have been combined for all the raters since the numbers constituting many of the cells in the 3 × 3 tables were small for individual raters. The results are expressed as percentages of the total answers for the dummy results. The total numbers (n) in these two tables sum to 5145 each i.e. 21 exposures by the 49 dummy jobs for five raters. As numbers were small for some categories, the four possible categories were condensed to three categories for each of exposure level and exposure frequency. For the exposure level the condensed categories were 'no exposure', 'low' and 'medium and high'. For the exposure frequency the condensed categories were 'no exposure', 'low and medium' and 'high'. The Tables show that the raters tended to underestimate both level and frequency of exposure. Table 6 demonstrates combinations of exposure identification for the five raters to assess overall validity of the panel, rather than individual raters. These results were based on the 49 dummy jobs. Once again the specificities were high, as shown for individual raters in Table 3 , with the optimal positive predictive value achieved with at least four raters agreeing on exposure. Table 7 demonstrates the potential effect on the odds ratio of misclassification of exposure for individual raters and combinations of panellists. The true prevalence of exposure to the cases and controls is unknown, but based on the ratings of the experts to the 199 jobs from the main study, it was considered to lie between 1% and 5%. The calculations in this Table  have been based on an assumed prevalence of exposure in the cases of 1% and 5%. The true odds ratios (OR T ) of 2, 3 and 4 were arbitrarily chosen, with the resultant observed odds ratios (OR O ) calculated using a previously published formula, 1 based on the sensitivity and specificity results in Tables 3 and 6 . The results show the usual attenuation of the odds ratios estimates towards the null with the application of the formula. Additionally, the results demonstrate that where three raters from a panel of five correctly identify the presence of an exposure, the minimum exposure misclassification occurs.
RESULTS
Reliability
Validity
The prevalences of exposure for the 200 jobs from the case-control database were found to range from 1.8% for rater 1 to 10.0% for rater 4. The mean time per rater for the rating of all 300 jobs (i.e. case-control jobs plus dummies and resubmissions) was found to be 7 h and 35 min, with a mean of 1 min 31 s per job. Raters varied from 4 h 16 min to 11 h 45 min, to rate the 300 jobs. This data is presented to indicate the level of resources required for incorporating a panel assessment in an epidemiological study.
DISCUSSION
In this study, the validity, inter-rater and intra-rater reliability of industrial hygiene experts in assessing retrospective occupational exposure, and the likely degree of exposure misclassification, have been quantitatively evaluated. The optimum situation in terms of minimizing bias of the odds ratio to the null through exposure misclassification occurred when at least three members of the expert panel of five raters agreed on the presence of exposure. Even under these optimum conditions, significant attenuation of the odds ratio was observed e.g. for prevalence of exposure of 5%, a true odds ratio of 4 would only result in an observed odds ratio of 2.22. The best an individual rater could achieve under these conditions was an observed odds ratio of 1.72. Therefore, this suggests that a panel of experts will perform better than a single rater, by reducing the impact of exposure misclassification on estimates of effect. These results have implications for sample size calculations in the design of future community-based studies, which may consider expert panels for retrospective occupational exposure assessment. Our results indicate that there can be significant differences in reported presence, level and frequency of exposure by the experts, which varied for different chemicals. Lower reported prevalence of exposure, coupled with a large difference in the reported prevalence between the two raters being compared, tend to result in lower kappas. As has been previously reported, 22 although kappa provides an overall measure of agreement dependent on the prevalence, it does not take into account the impact any bias may have between the two raters. The variation in the mean kappas for the various chemical exposures was most pronounced for the exposures with low prevalences. The three highest kappas (i.e. cutting fluids κ = 0.64, welding fumes κ = 0.57, lubricating oils and greases κ = 0.42) were all found to have relatively high prevalences of 8.1%, 8.3% and 17.5% respectively. These results suggest that the use of experts for studies with low prevalence of exposure may not be a satisfactory method of retrospective assessment of occupational exposure. Panels may be best suited to community-based studies for relatively common exposures, where expected prevalence is greater than 5%.
The intra-rater reliability results demonstrate fair to good overall reliability. The kappa results in Table 2 indicated fair to good agreement between the two ratings for rater 4 while for rater 1, with the lowest kappa result, reliability was found to be fair. The differences in the size of the confidence intervals between these two raters was a reflection of the finding that rater 4 more commonly reported exposures than rater 1. It was found that all but one rater identified more exposures in their first assessment of the job descriptions compared to the reassessments, which may indicate a training effect. These results give confidence to use of experts, since good test-retest reliability is an essential component of methods used for exposure assessment. The validity of the assessments when measured against a 'gold standard', did not result in high sensitivity if the rater reported low prevalence of exposure. However, given that the overall prevalence of exposure to the 21 chemicals was low for the dummy jobs in Table 3 , there appeared a crude correlation of increasing sensitivity with increasing prevalence. Conversely, rater specificity decreased as reported prevalence increased. The results for the quantitative evaluation of the exposure level and frequency were of limited value due to low numbers and, in the evaluation of exposure level, the performance of the experts was found to be very inconsistent. Assessment of the misclassification of level of exposure in Table 4 suggested a tendency of the raters to underestimate the level of exposure, especially in the medium and high level category. In the low level category there appears to be no consistent pattern, of under-or overestimation. This disagrees with the findings of other similar studies, 23 where the experts all tended to consistently overestimate the exposure levels. Table 5 demonstrates that the raters were consistent in underestimating the frequency of exposure for both the low and medium, and high frequency categories. The strong underestimating for the high frequency jobs was observed across all raters. Since, in general, exposures to chemicals tend to decrease in the workplace over time, the observed underestimations may be explained by the possibility that the raters are considering more recent knowledge of workplace exposures in their level and frequency evaluations, for the retrospective jobs. It is also possible that the rating of both level and frequency may be linked, during the evaluation process. This was supported by the observation for the nine dummies where both level and frequency of the dummy was high, only five of the possible 45 evaluations were identified by the five raters. However, due to the relatively small numbers involved in this analysis, caution is advised and for a more definitive analysis of these aspects of exposure, a considerably larger number of dummy jobs would be required.
Unlike previous validation studies, [7] [8] [9] where the experts were industry specific and required to assess current exposures, the experts in this study had to draw on their knowledge across a very broad range of industries, of which some, they had no practical experience. The exposures were also retrospective and some of the jobs no longer existed. Variability in the dummy jobs due to inter-and intra-job exposure variability, would also have complicated the evaluations by the experts. 7 The validity results from the industry specific studies may therefore be numerically greater than the results reported in this study. Since the experts only assessed the 300 jobs in isolation over the 6 months of the study, no insight could be achieved regarding the group dynamics that occurs when experts confer to reach consensus. Whether better results of validity and repeatability could be achieved with panellists discussing results prior to evaluation, could not be answered in this study. The processes involved in expert panel evaluations have been examined and previously reported and clear guidelines recommended on the decision-making process by the expert panel, prior to job evaluations. 5 The main advantage of individual evaluations compared with group evaluations are that each expert is required to provide a full evaluation for each job and that one person cannot dominate the process by influencing the others on the panel.
This study required exposures to 21 chemicals to be evaluated for the 50 dummy job descriptions (with, at most, only two exposures per job). As a result, only small numbers of dummy jobs were included for each specific chemical exposure. This limited the analysis, since it was not possible to assess with acceptable statistical significance the performance of the raters for specific chemicals e.g. benzene, toluene etc. A more intensive analysis, involving a greater number of dummy jobs, may have revealed whether the experts' speciality areas dominated their resultant validity. It is recommended that future studies consider comparisons between the validity of individual raters and the group validity for specific exposures of interest. The reported assessment times by the panellists, for the 300 jobs was considered acceptable from a cost-effectiveness viewpoint. The ratings per job varied from just under one min for the fastest rater, to about 2 min. and 20 s for the slowest rater. Given that there were 21 exposures to consider for each job by the raters, by reducing the number of chemicals, the rating speed should increase, hence improving the cost-effectiveness. This information should help to estimate costs and resources required for incorporating this method of exposure assessment into study designs. Other methods that may reduce the cost of experts have been described elsewhere. 24 Clearly, the reported prevalence of exposure by the raters has a highly significant effect upon the validity of expert panels to retrospectively assess occupational exposure to chemicals in community-based studies. It is suggested that future study designs should consider, where feasible, a screening process of potential experts by a batch of dummy jobs, to assess the experts determinations of prevalence of the exposures of interest. The suitability of the experts can then be assessed, before they are engaged on an industrial hygiene panel.
